Introduction
Graphene, only one atomic layer of carbon atoms forming a two-dimensional (2D) crystal in a honeycomb lattice [1] , could be mechanically peeled from graphite and exhibit extraordinary physical properties, such as the anomalous half-integer quantum Hall effect [2, 3] , extremely high carrier mobility [4] , high thermal conductivity [5, 6] , high specific surface area [7] , high Young's modulus [8] , low absorption in the white light spectrum [9] , etc. Graphene is composed of carbon atoms that are arranged in a planar structure with sp 2 hybridization. The three in-plane covalent bonds are σ-bonds, which are constituted from a combination of 2s, 2p x , 2p y orbits, rotated 120° with each other. The final 2p z orbitals make up the π bonding and anti-bonding bands, which mainly contribute to the van der Waals forces between the stacks of graphene layers in graphite. The p z electrons are itinerant and flow throughout the whole sheet, making the system metallic.
Since the discovery of graphene, intensive interest has been focused on new graphene-analogous 2D materials. The most probable candidates which can have new 2D allotropes are the elements of group IV, i.e. silicon, germanium and tin. The electron configurations of silicon, germanium and tin are similar to carbon for all of them have four electrons in the outermost s and p orbitals. The energetically preferable crystalline structure of both silicon and germanium is the diamond structure [10] , in which the connecting bonds between the atoms all have the sp 3 hybridized character. There are no graphite-like allotropes for silicon and germanium existing in nature. But the theoretical predictions indicate the 2D graphene-like allotropes of silicon, germanium, and tin, (referred to as silicene, germanene, and stanene) are energetically stable [11] [12] [13] [14] [15] . In the last few years, considerable efforts have been made in the synthesis of group IV 2D materials, and silicene [16] [17] [18] [19] [20] , germanene [21] [22] [23] and stanene [24] have been successfully realized on different substrates due to stabilization by interfacial interactions.
Since graphene, silicene and germanene have the similar honeycomb lattice, they share several common and interesting electronic properties. The valence π bands and conduction π * bands meet at the corners of the 2D hexagonal Brillouin zone of graphene directly at Fermi energy (E F ) [7] . The energy dispersion of the bands close to E F is linear and can be represented by the relativistic Dirac-Weyl equation [25] , and the Fermi velocity of graphene can be as high as 10 6 m s −1 . The two inequivalent triangular sublattices A and B of the honeycomb lattice introduce a new degree of freedom, namely pseudospin in quasiparticle wave function [26] . The pseudospin is defined by the phase shift between the A and B sublattice components of the wave functions, and the chirality is introduced to represent the projected pseudospin in the direction of the momentum [7, 26, 27] . The pseudospin and the associated chirality have a significant impact on the electronic band structure, and finally on the transport properties, for example, the anomalous half-integer quantum Hall effect [2, 3] , antilocalization phenomena [28] [29] [30] , Klein tunneling [31, 32] , and so on. When the sample of 2D materials contains a certain amount of impurities, the quasiparticles will be scattered by these impurities and interfered with themselves, which will influence the carrier mobility [33] and eventually prevent the detection of weak anti-localization [34] . On the other hand, the quasiparticle interference (QPI) will generate standing waves which are also called 'Friedel oscillations' [35] . Friedel oscillations were utilized to represent the asymptotic variation of the density of states perturbed by the localized defects in the electron Fermi gas and helps to explain some important concepts in condensed matter physics. Specifically, it was also used to explore the electronic properties of materials [36] .
Transitional-metal dichalcogenides (TMDs) are materials with an MX 2 stoichiometry, consisting of hexagonal layers of transition-metal atoms (M) sandwiched between two layers of chalcogen atoms (X). TMDs have gained great popularity recently for their potential applications in optical and electronic devices [37] [38] [39] . Because of the weak interaction between chalcogen layers, a single sheet of TMDs can be realized by exfoliation from bulk 3D crystal. The band gaps of these materials lie in the visible spectrum, and undergo an indirect-to-direct transition when it is monolayer (ML). The invest igation of QPI in TMDs is also good for understanding the basic electronic properties of TMDs.
A powerful tool to study the electronic structures of 2D materials is angle-resolved photoelectron spectroscopy (ARPES), which can image the Fermi surface contour directly. However, ARPES is unable to probe local electronic structure due to the limited spatial resolution. In contrast, scanning tunneling microscopy/spectroscopy (STM/STS) offers the unprecedented capability to probe local electronic structure by studying the interference patterns of the local density of states (LDOS) which are actually Friedel oscillations of 2D or 1D electron gas. Hasegawa et al [40] and Crommie et al [41] were the first to observe the standing wave on noble metal surface Au(1 1 1) and Cu (1 1 1), respectively. The energy dispersion E(k) of surface state of Ag (1 1 1) and Cu(1 1 1) was obtained by analyzing the wavelength of scattering vectors. STM have been demonstrated to directly indicate constant energy contours (CECs) by performing Fourier transform (FT) on the STM dI/dV maps (LDOS images) containing the standing waves originating from surface impurities [42] [43] [44] . Furthermore, the spin or pseudospin of quasiparticles can also be investigated by the FT-STM/STS technique [45, 46] , because the two wave vectors with opposite spin or pseudospin cannot interfere.
Here, we will give a review of the recent experimental results of QPI in 2D systems by the FT-STM technique. We will start with a brief discussion of the basic concept behind the so-called FT-STM technique. Then, in section 3, the results of QPI on monolayer and bilayer graphene will be presented and discussed, including two kinds of scattering process and suppression of backscattering due to existence of pseudospin. Subsequently, the QPI patterns observed on monolayer and multilayer silicene will be indicated in section 4. Finally, we will introduce the recent progress in the investigation of QPI on another family of 2D materials, such as TMDs.
Fourier-transform scanning tunneling microscopy/spectroscopy (FT-STM/STS)
STM was invented by Gerd Binnig and Heinrich Rohrer in 1981, and brought about a revolution in characterization in surface science through its ability to resolve single atoms on the surface in real space [47] . The construction of STM is quite simple, consisting of an atomically sharp metal tip and a conducting material with an atomically flat surface (figure 1). Based on the tunneling mechanism in quantum mechanics, when the tip is brought within several nanometers of the surface, and a voltage bias is applied across the tunneling junction, electrons can tunnel through the potential barrier of the vacuum gap. This tunneling current varies exponentially on the tip-surface separation, providing high spatial resolution.
According to Fermi's golden rule with modified Barteen approximation, the derivative of tunneling current (dI/dV) is directly proportional to the LDOS of the surface [48] . In the spectroscopy mode of STM (in other words, STS), the tip height to the sample is kept constant by holding the feedback loop off. A varied bias is applied to the junction of sample and tip, and then the measured differential tunneling conductance with respect to bias voltage is recorded. The dI/dV measured at a negative tip bias voltage (or positive sample bias voltage) corresponds to unoccupied states of the surface above Fermi energy, while a positive tip bias voltage(or negative sample bias voltage) corresponds to occupied states of the surface below Fermi energy. If the dI/dV signal at a certain bias voltage is recorded at every pixel as a dI/dV map, the spatial distribution of electronic states of the surface with the energy specified by the applied bias voltage can be resolved.
The FT-STM/STS technique starts from the STM observation of standing wave patterns of the LDOS. Surface-state electrons are elastically scattered by an impurity potential and coherently superimpose with the incident electrons. This process creates the spatial modulation in the LDOS due to the interference. Considering a simple 2D free electron gas, the wave functions are described by the plane wave e ik·· r . If the electrons scatter on an infinite barrier potential extending along the y direction, the standing wave of the LDOS is evaluated as follows:
where J 0 is a zero-order Bessel function, behaving as a decaying sine wave [45] . Therefore, the oscillatory pattern in the LDOS extends from a step with a wave vector q = 2k E . The amplitude of oscillation generally decays with the distance from the step as x −α , where α is determined by the dimensionality of the electron gas and the scattering center. For ideal 2D electron gas, the standing wave scattering from a step decay with α = −0.5 [41, 49] . Additionally, if the standing waves result from point defects, the change in the LDOS can be written as
where
, and ϕ is the phase shift. Therefore, the standing wave scattering from a point defect will decay with α = −1 [41] .
For the ideal 2D free electron gas, the scattering with energy at the Fermi level is dominated by the wave vectors that connect regions of higher density of states on the Fermi surface contour, so the scattering patterns observed in dI/dV maps contain the information of the whole Fermi surface contour. Simply performing a 2D FT of dI/dV maps provides a distribution of q vectors of standing waves in reciprocal space. Therefore, the Fermi surface contour can be derived from the 2D FT-STS image of standing wave patterns. But if the Fermi surface contour is complicated, it is not very easy to explain the features in FT-STS images. There are two approaches to describe the scattering of quasiparticles from impurities: the T-matrix [50] and joint density-of-state (JDOS) approximations [44, 51] . The former approach is based on an infinite perturbative summation of diagrams resulting from expanding the Green's function of a system to all orders, and is exact up to first order in the scattering potential strength. The JDOS approximation is described as follows. In the presence of impurities, the quasiparticles with the wave vector 
is a weighting factor that depends on scattering matrix elements, which are determined by the nature and the distribution of impurities. In the JDOS approximation the scattering amplitude is approximated by a constant. Therefore, the function ( ) → ω q g , mostly with the contribution of → G = 0 and replicas, shifts by → G, and could be practically obtained by performing the selfcorrelation function of the Fermi surface contour at a given energy. The JDOS is then strongest for q vectors where the energy contours are self-similar (or 'quasi-nested'). For example, in the case of Cu (1 1 1), which has the Shockley surface state with a ring-like Fermi surface contour centered at the Γ point, the interference pattern will be dominated by the backscattering processes. As a consequence, an intensity ring with a radius of 2k F will be observed at the center of FT-STS images [45] . If the Fermi surface is no longer a contour centered at the Γ point, we will find more complex characters in the FT-STS image.
At first, the FT-STS technique was used to investigate the isotropic Fermi surface contour of transition-metal surfaces, such as Au(1 1 1) [40] , Cu(1 1 1) [41] and Be(0 0 0 1) [42] , and the anisotropic Fermi surface contours, such as ( ) Be 1 0 1 0 [52] and Cu(1 1 0) [53] . Then, the FT-STS technique is successfully performed on the high-Tc superconductors within a small energy range around the Fermi level [54] [55] [56] , which provides important information on the pairing mechanism. The timereversal symmetry protection (or breaking) in surface states of 3D topological insulators, i.e. the Bi 2 Se 3 family, is also proven by this technique [57] [58] [59] . Recently, the electronic properties of 2D materials such as graphene and silicene, including the 
Graphene

Electronic structure of graphene
Graphene is a one atomic layer of carbon atoms arranged in a planar honeycomb lattice, which can be described as a triangle lattice with two atoms per unit cell. In other words, there are two equivalent carbon sublattices in graphene ( figure 2(a) ). The carbon atom has four valence electrons, one in s and three in p orbitals. Each carbon atom in graphene is bound to three nearest-neighbor carbon atoms. One s and two p orbitals are hybridized to generate the sp 2 hybridization orbitals, which lead to strong σ bonds 120° apart and with a distance of 1.42 Å between neighbor carbon atoms. The final p z orbital is perpend icular to the plane of graphene and makes up a weak π bond combined with other p z orbitals. The σ bonds forms the deep valence bands in the electronic structure of graphene, while the low-energy electronic bands are determined by the electrons occupied in p z orbitals. The tight binding model is used to represent the hopping of electrons in graphene between nearest-neighbor atoms. Consequently, the band dispersion of the bands close to E F is linear and described as [7, 60] :
x y are the Pauli matrices, which operate on the sublattice degrees of freedom instead of spin, called 'pseudospin'. So the quasiparticles in graphene have an additional degree of freedom: pseudospin. A quasiparticle of the sublattice A is said to have pseudospin 'up', while a quasiparticle of the sublattice B has pseudospin 'down'. Equation (4) is the Dirac-Weyl equation in 2D exactly, which is usually used to represent an ultra-relativistic particle with spin 1/2 and velocity of light c. Hence, quasiparticles of low energy are often referred to as 'massless Dirac fermions' with a Fermi velocity v F = 1 × 10 6 m s −1
. The point where π bands intersect at the K or K′ point in Brillouin zone is called the 'Dirac point' (DP), which is indicated in figure 2(c). It is noted that equation (4) only describes one of the two DPs of graphene. The CECs starting from DPs around K and K′ becomes triangular with increasing energy until the contours meet at the M points, which are the so-called van Hove singularities.
The expected quasiparticle scattering wave vectors → q should connect two points of the same Dirac cone (intravalley scattering), or connect two different valleys (intervalley scattering), shown in figure 2(g). The intravalley scattering leads to modulation of the LDOS with a long wavelength, while the intervalley scattering leads to the √3 × √3 reconstructions in the vicinity of point defects and near the step edges of graphene: we will discuss these in context in the next section. However, not all scattering processes can take place for graphene. Pseudospin is used to define different wave functions of quasiparticles in two sublattice of graphene, and chirality is introduced as the projection of pseudospin in the direction of the momentum (figure 2(e)). Due to chirality, the pseudospin and the momentum's degrees of freedom are locked, so that if the momentum of a quasiparticle is obtained, its pseudospin is automatically obtained [7] . Since the pseudospin is an extra quantum number, two waves with opposite pseudospin cannot form interference patterns in real space. Therefore, for two points in one CEC of a Dirac cone with opposite momentum, the pseudospins are also opposite, and the intravalley backscattering process is supposed to be strongly suppressed. Several groups have performed theoretical calculations to find the possible existence of long wavelength oscillations of the LDOS with wave vector 2q F corresponding to intravalley backscattering from atomic defects [61] [62] [63] [64] [65] [66] . Due to the backscattering suppression, the amplitude of the long wavelength oscillations of the LDOS around the defects in graphene is strongly reduced, with a 1/r 2 decay rate instead of a 1/r decay rate measured in normal 2D electron gas [67] .
The atomic structure of bilayer graphene is shown in figure 2(b), which indicate so-called Bernal stacking. The atoms of sublattice A in the top layer are located right above the atoms of B in the bottom layer, while the atoms of B in the top layer are positioned above a hollow site of the hexagon in the bottom layer. The inter-layer interaction breaks the equivalency between the two sublattices in both layers [68] . Therefore, the electronic structure of bilayer graphene with Bernal stacking has a parabolic dispersion at low energy [69] (figure 2(d)), which is different from monolayer graphene and the chirality of quasiparticles is also different from the one in the monolayer [70, 71] (figure 2(f)).
QPI measurements by FT-STS
The FT-STM/STS technique could be very useful to investigate and analyze the quantum properties of quasiparticles in graphene. At first, Cheianov et al theoretically calculated the Friedel oscillations of the LDOS in graphene, which showed 1/r 2 decay more than in conventional 2D electron gas [67] , which is also reexamined by Mariani et al [61] . Bena et al performed a T-matrix approximation on graphite first [72] , then on monolayer and bilayer graphene to obtain FT-STS images [62] in which the intensity and the features corresponding to intravalley and intervalley scattering processes are indicated. In the last decade, a few experimental STM studies have been reported on QPI in graphene. Most of the works were related to graphene grown epitaxially on SiC(0 0 0 1), because its thickness can be controlled by the temperature during the thermal treatment of SiC(0 0 0 1) [46, 73, 74] . In 2007, Rutter et al [73] reported the long-wavelength oscillations of LDOS with wave vector 2q F in bilayer graphene/SiC(0 0 0 1), and derived the dispersion relations from FT-STS images. Then, Brihuega et al [46] reported that such long-wavelength oscillations of the LDOS are indeed observed in bilayer graphene, but they are absent in monolayer graphene.
To achieve the fine structure in 2D FT-STS images, Mallet et al [74] performed STM measurements on a 100 × 100 nm 2 area of graphene with 4 megapixels. On such an STM image, the reciprocal space resolution is intrinsically limited to 2π/100 ≅ 0.063 nm −1 , which is much smaller than the diameter of the ring-like Fermi surface contour of monolayer and bilayer graphene grown on SiC(0 0 0 1). If the pseudospin is neglected, the quasiparticle intervalley and intravalley scattering processes should be expected both in monolayer and bilayer graphene. For the intravalley scattering process, since the backscattering is more efficient, a 2q F ring is likely to appear around the center of the FT-STS image, where q F is the radius of the Dirac cone. On the other hand, the intervalley scattering process yields the wellknown (√3 × √3)R30° superstructure on graphene [75] [76] [77] or graphite [78, 79] in STM images. Because of the topology of Dirac cones at K and K′ points, the coupling between states with opposite → k in neighbor Dirac cones is favored. Involving all the directions of → k, a 2q F ring is thus expected to show up at the K and K′ points in FT-STS images. In experiment, the FT-STS image calculated from an STM topography image of a 100 × 100 nm 2 area taken on monolayer graphene near the Fermi energy is indicated in figure 3 (a). Besides the six bright spots near the center, which come from the 6 × 6 superstructure of the interface reconstruction of graphene/SiC(0 0 0 1) [80] , two main features are noticeable in figure 3(a) . One is that no ring is observed at the center of the FT-STS image ( figure  3(b) ), while another is that six rings with radius 2q F ≈ 1.1 nm the intensity of the points along directions perpendicular to figure 3(c) ). But contrary to monolayer graphene, on the FT-STS image calculated from the STM image of a 50 × 50 nm 2 area taken on bilayer graphene at a sample bias −25 mV, shown in figure 3(d), a 2q F ring corresponding to intravalley scattering is observed around the center of the image, and complete 2q F rings corresponding to intervalley scattering are shown at K and K′ points. The differences in FT-STS images of monolayer and bilayer graphene indicate the effect of the pseudospin on the QPI patterns. As we mentioned above, due to the chirality in monolayer graphene (figure 3€), the pseudospin vectors are opposite for the two opposite → k, and consequently backscattering for the intravalley scattering process should be suppressed. A similar phenom enon is also present in the intervalley scattering process, which is why the 2q F rings at the K/K′ points are anisotropic. For bilayer graphene, the chirality of quasiparticles (figure 2(f)) is changed and the pseudospin texture is quite different from monolayer graphene, in which the pseudospin vectors are not opposite for the two opposite → k; thus the QPI patterns are similar to that expected in the case of no pseudospin. Mallet et al [74] also gave a simple theoretical calcul ation of the QPI patterns based on interference between eigenstates of graphene and considering pseudo spin texture, which accorded with experiments very well, indicating the chiral properties of quasiparticles in monolayer and bilayer graphene.
Additionally, Zhang et al [81] observed standing wave patterns on exfoliated monolayer graphene on SiO 2 in dI/dV maps corresponding to the intravalley backscattering of quasiparticles by underlying impurities. However, to our knowledge, the backscattering of Dirac fermions should be suppressed in monolayer graphene due to the chirality of the quasiparticles since the conservation of pseudospin relies on the assumption that the impurity locates on one sublattice only. Therefore, the extended potentials of the impurities in graphene/SiO 2 may scatter electrons from one sublattice to the other, with the result that the pseudospin is not conserved.
FT-STS can be utilized not only to obtain information about the chirality of quasiparticles, but also to derive the energy dispersion of quasiparticles. On FT-STS images calculated from dI/dV maps taken at variable bias voltages (shown in figures 4(a) and (b) ), the anisotropic rings around the K/K′ points in monolayer graphene, and the isotropic rings around Γ and K/K′ points in bilayer graphene, are both robust. All of the rings' radii at Γ or K/K′ points increase with the bias voltages. So the dispersion relations can be extracted, and the results are shown in figures 4(c) and (d). For monolayer graphene, the linear fit to the dispersion is perfect and gives the position of the DP located at 0.4 eV below the Fermi level ( figure 4(c) ), which accords with the small dip observed in the dI/dV curve very well [74, 82] . The Fermi velocity v F = (1.18 ± 0.04) × 10 6 m s
is also obtained from the fitting, which is very close to the results derived from ARPES measurements [83] . On the other hand, Mallet et al thought the fit to dispersion in bilayer graphene was parabolic, giving an energy band gap of about 0.1 eV ( figure 4(d) ). Actually, a linear curve can be a good fit as well. The DP locates at 0.3 eV below the Fermi level, indicating an n-doping from the interface, which accords with theory [68, 70] and the dI/dV curve very well [84] . The fitting is obtained by using a Fermi velocity v F = 1.21 × 10 6 m s
and an inter-layer hopping parameter γ = 0.38 eV, close to the values obtained from ARPES measurements [85] . The chirality of monolayer graphene was also examined by investigation of the long-wavelength oscillations of the LDOS near extended impurities, for example, steps. As we mentioned in section 2, in normal 2D electron gas with parabolic dispersion, the decay of standing waves as a function of the distance from a straight step edge follows a power law with a decay factor of −0.5 [41, 43] . This situation will be different for Dirac fermion systems with chirality. Xue et al [86] observed long-wavelength oscillations of the LDOS on monolayer graphene on a hexagonal boron nitride (BN) surface close to a smooth underlying h-BN step in STM dI/dV maps ( figures 5(a)-(c) ), corresponding to the quasiparticle intravalley scattering. The wavelengths of the modulations of the LDOS are of the order of 10 nm, which is much larger than that on noble metal surfaces, and increases as the tip bias decreases to the Fermi level and the DP. They gave a quantitative analysis on the LDOS oscillations in the direction normal to the step, and the fitting ( figure 5(d) ) indicates the amplitude of standing wave decay with the distance from the step edge much faster than for the noble metal surface (the decay factor of α = −1.5), which accords with the theoretical description of QPI in a topological insulator [87] , suggesting backscattering suppression due to the existence of pseudospin.
Some works focus on the (√3 × √3)R30° superstructure surrounding the surface defects or close to edges, corre sponding to the intervalley scattering processes. The (√3 × √3)R30° superstructure has also been measured in graphite [78, 79] and has been found in weakly coupled graphene grown on metals surface such as Pt (1 1 1) [88] . Simon et al [75] investigated a single atomic defect on epitaxial bilayer or multilayer graphene on SiC(0 0 0 1), and found a star-like feature with three-fold anisotropy around the defect in an STM topological image taken at −17 meV (figures 6(a) and (b)). The 2D FT of the topography image indicates the periodicity of the hexagonal lattice and six high-intensity features with anisotropy intensity around the corner of the Brillouin zone ( figure 6(c) ). The latter should be attributed to the quasiparticle intervalley scattering process. They give a possible relation between this anisotropy and the chirality of the quasiparticles, and show that this anisotropy is consistent with the presence of an impurity in the bottom layer. A similar FT-STS image can be reproduced by theoretical calculations. Using FT-STS measurements, the quasiparticle linear dispersions for a wide range of energies are obtained from the center and corner of the Brillouin zone, respectively, but the features follow different dispersions at high energy. The position of the DP and the Fermi velocity estimated from the fitting to experimental data are in accordance with other works.
Two works focus on the intervalley quasiparticle scattering process near the edges of graphene [76, 77] . It was found that (√3 × √3)R30° superstructure is observed only near armchair edges of graphene in STM topography images ( figure 7(a) ), and not near zigzag edges ( figure 7(b) ). The absence of a (√3 × √3)R30° superstructure near the zigzag edge can be explained by considering that the Brillouin zone for the zigzag edge is rotated by 30° and that the incident vector k parallel to the edge is conserved ( figure 7(c) ). Therefore, the intervalley scattering is kinematically forbidden. Long-wavelength oscillation with a beating pattern is also found near the armchair edge of graphene. Yang et al [76] thought this kind of longwavelength oscillation could be understood by the matching between the QPI pattern and the LDOS along the covalent bonding between carbon atoms without considering intravalley scattering. Mahmood et al [77] found there are two spots at each corner of the Brillouin zone in the FT-STS image calculated from the STM image on an armchair-terminated step edge ( figure 7€ ). Since the backscattering also dominates the intervalley scattering process, for the area of graphene near the armchair edge, the scattering wave vectors should be ΓK ± 2q F ( figure 7(f) ). This explains the two spots at each corner of the Brillouin zone. More importantly, the superposition of the two scattering vectors in real space will give rise to a beating modulation, indicating the long-wavelength oscillation near the armchair edge should result from intervalley scattering.
Other QPI processes in graphene
Additionally, in the presence of a perpendicular magnetic field, charge carriers in graphene circulate in cyclotron orbits with quantized energies referred to as Landau levels (LLs). Two groups, Bena et al [89] and Biswas et al [90] , investigated QPI of the Dirac fermions in cyclotrons via theoretical calculations. Both of them found the FT-STS images obtained at an energy of tip-matching LLs exhibit concentric circles at the center and corners of the Brillouin zone, corresponding to intravalley and intervalley scattering, respectively. When the tip energy locates between two LLs, the intensity in the FT-STS image is negligible. However, an STM experiment on such a system has not been reported. The reason may be due to the high magnetic fields (dozens of tesla) required to observe such features. The massless Dirac fermions in graphene confined in artificial or natural quantum wells will be governed by Klein tunneling, in which the particles can pass through arbitrary barriers at non-oblique incidence, while other particles incident at large angle have a large possibility of being reflected by the barrier [27, 31, 91] . So the electrons with high angle momentum can be quasi-bound inside a circular graphene p-n junction. The transmission and reflection near barriers influence the quantum interference of massless Dirac fermions, which result in the formation of quasi-bound states [92] [93] [94] . Recently, two groups, Gutierrez et al [95] and Lee et al [96] , realized the observation of quasi-bound states in a circular graphene p-n junction by STM. Gutierrez et al fabricated the graphene p-n junction by growing quantum dots of graphene on Cu(1 1 1) foils [95] , while Lee et al created the ionized defects on hexagonal BN, which supports monolayer graphene by STM bias pulses to induce a space charge, resulting in a lateral graphene p-n junction [96] . On the area surrounded by electrostatic potential, the resonance is observed by STS, and the QPI pattern is observed by dI/dV maps. They found the energy and wave functions of the quasi-bound states can be described by the continuum Dirac equation with harmonic oscillator potential. More importantly, the potential well formed by the p-n junction can only confine one kind of particle (hole or electron). These features are quite different from the situation of confinement due to quantum corrals on noble metal surfaces [97] [98] [99] , which are usually looked at as confinement of 2D electron gas and described by single-particle scattering theory [100] (If the adatoms which construct corrals are magnetic, the many-body Kondo resonance should considered).
The magnetic impurities in graphene can break the timereversal symmetry, which will allow the backscattering of Dirac fermions in graphene. Though there are still no experimental investigations on the QPI induced by magnetic impurities on unconventional 2D systems such as graphene or silicene, some theoretical works are devoted to study of the behaviors of magnetic impurities on graphene. For example, Hu et al found the magnetic moment of an impurity on graphene can be adjusted from a high value to a relatively low value by electric field [101] . Uchoa et al described a special Kondo quantum critical point induced by the exchange interaction of the orbital of a magnetic adatom with graphene [102] . They also theoretically simulated the differ ential conductance of STM between tip and magnetic adatom on graphene, which can give a fingerprint of the existence of a magnetic moment [103] . Zhang et al theoretically studied the Kondo effect of the magnetic adatom on graphene, and found the Kondo phase is different for doped and undoped graphene [104] .
Silicene
Basic properties of silicene
Silicene is a new 2D silicon allotrope, in which one atomic layer of silicon atoms is arranged in a honeycomb lattice. The first theoretical investigation on silicene actually dates back to 1994, well before the discovery of graphene, when Takeda and Shiraishi pointed that silicon can form a 2D sheet structure [11] . In this pioneering work they also pointed out the main difference between graphene and silicene: all C atoms in graphene are in exactly the same plane, while in silicene, the two sublattices are relatively shift in the direction perpendicular to the atomic plane, forming a low-buckled structure (see figures 8(a) and (b)). However, this work was not widely noticed until silicene began receiving interest precipitated by the colossal impact made by graphene. In 2007, silicene (as a silicon version of graphene) was named by Guzmán-Verri and Lew Yan Voon [12] , who developed the unified tight-binding Hamiltonian for Si-based nanostructures and indicated that silicene is a zero-gap semiconductor. In 2009, silicene with a buckled geometry was confirmed to be dynamically stable by Cahangirov et al [13] . Moreover, theoretical calculations show that silicene has the same electronic band structure as graphene, and the charge carriers behave as massless Dirac fermions. Theoretical works also pointed out that spin-orbit coupling strength is much larger in silicene than in graphene, which can result in an experimentally detectable quantumspin Hall effect [14] , valley-polarized quantum anomalous Hall effect [105] , and novel properties manipulated by external electric and magnetic fields [106] .
The successful fabrication of silicene on Ag(1 1 1) [16, 17, 19, 107] , as well as ZrB 2 film [18] was reported in 2012. The preparation of silicene is usually performed by evaporation of pure silicon onto a clean substrate surface in ultrahigh vacuum. By increasing the Si coverage, multilayer silicene films can also be obtained [108, 109] . Following this strategy, silicene was also synthesized on some other substrates, such as Ir (1 1 1) [20], MoS 2 [110] , etc. Recently, a silicene-based field-effect transistor device, displaying ambipolar transport behavior, has been reported [111] .
At present, silicene can only be synthesized on substrates. Due to the interaction between silicene and substrate, the buckling pattern of silicon atoms will be rearranged, resulting in a variety of superstructures, for example, 4 × 4 [16, 19, 107] , √13 × √13 [16, 107] , 2 √ 3 × 2 √ 3 [16] and √3 × √3 phases [17] on a Ag (1 1 1) surface. Though the honeycomb lattice of silicene is preserved regardless of the different buckling patterns, it is also necessary to demonstrate whether silicene indeed exhibits exotic properties proposed by theoretical calculations. Vogt et al [19] reported the possible existence of the Dirac cone and linear dispersion in the 4 × 4 superstructure of silicene on Ag(1 1 1) from ARPES measurements. Later, Avila et al [112] also explored the silicene 4 × 4 phase and further confirmed that the linear dispersion arises from silicene instead of the underlying substrate. However, there is still some controversy about whether the Dirac band structure of monolayer silicene can be preserved on a Ag (1 1 1) surface [113] [114] [115] . Lin et al [113] have presented evidence that silicene on a Ag (1 1 1) surface would lose the 2D Dirac fermion character resulting from symmetry breaking induced by coupling with the substrate due to the combination of STS measurement and density functional theory (DFT) calculations.
Among these superstructures of silicene on Ag(1 1 1), (√3 × √3)R30° phase is special [17, [116] [117] [118] [119] . The STM image in figure 9 (a) shows a typical surface topology of the (√3 × √3)R30°-phase silicene. We can clearly see that the island of silicene can span across the underlying step edges without losing its continuity. The silicene terrace exhibits the honeycomb structure with a period of about 0.64 nm, corresponding to a (√3 × √3)R30° superstructure with respect to the 1 × 1 silicene lattice ( figure 9(b) ). Based on the STM observation of the phase transition at low temperature (<40 K) and DFT calculations [120] , the (√3 × √3) R30° superstructure can be explained by the two-mirror symmetric (√3 × √3)R30° configurations with a dynamic flip-flop motion at high temperature (figures 9(c) and (d)). In every (√3 × √3)R30° unit cell, only one Si atom is buckled upward, whereas the other five Si atoms have nearly identical lower height, leading to a rhombic (√3 × √3)R30° superstructure. Consequently, the electronic structure of the (√3 × √3)R30° superstructure of silicene is largely undistorted compared with freestanding silicene with a 1 × 1 structure. The π and π * bands maintain the linear dispersion at the Γ point, because the K and K′ points in the Brillouin zone of the 1 × 1 phase are folded onto the Γ point in the Brillouin zone of the (√3 × √3)R30° superstructure, and quasiparticles still behave as Dirac fermions. Furthermore, a gap of about 0.15 eV at the DP is opened with a flat band going through the center of it. The STS experiments also indicate that there is a superconductance-like energy gap in the (√3 × √3)R30° superstructure of silicene [121] .
QPI measurements on monolayer silicene
Similar to graphene, the DP structures of silicene are located at K points of the 2D Brillouin zone. The CECs of Dirac cones in reciprocal space are small rings centered at the K points ( figure 2(g) ). Quasiparticles can be scattered between the different CECs of Dirac cones, which corresponds to the intervalley scattering process and can be observed in STM images of the areas around the defects and near the step edges. Similar to graphene, the intervalley scattering wave vectors → q 1 are nearly equal to the wave vectors → k, which have a length of 1/√ 3 in reciprocal space, corresponding to a (√3 × √3)R30° periodicity in real space. Figures 10(a)-(c) shows the closed packed protrusions near the step edges and defects of the (√3 × √3) R30° superstructure of monolayer silicene, in contrast to the honeycomb structure observed on the terrace of the silicene island [17] . We believe the former is associated with the QPI pattern by the intervalley scattering process. Moreover, we can observe an obvious phase shift between the atomic corrugation and the interference pattern. The interference pattern originating from the scattering center expands for only a few nm.
Quasiparticle scattering within the CECs of Dirac cones, which is the intravalley scattering process, will result in longwavelength oscillations of the LDOS observed in dI/dV maps. Figure 10(d) shows one island of second-layer (√3 × √3) R30° silicene on monolayer silicene [17] . The QPI patterns with long wavelengths are observed on both monolayer and second-layer silicene near the edges of islands in the dI/dV maps shown in figures 10(e) and (f). The wavelength of standing waves on the monolayer of silicene varies with tip bias voltage. As the voltage increases from −0.4 V to −1.1 V, the wavelength decreases correspondingly from 2.8 nm to 1.6 nm. The observed long wavelength interference pattern near step edges is associated to the intravalley scattering wave vector → q 2 which connects the momentum at stationary points of single ring-like CECs of Dirac cones. In other words the backscattering processes are the most significant in the ring-like CECs. Therefore, the value of → q 2 should equal to the diameter of the CECS of the Dirac cone. The energy-momentum dispersion can be deduced from the E(κ) curve in figure 10(g . The interception of the dispersion with an energy axis gives the position of the DP, E F -E D = 0.52 ± 0.02 eV, coinciding with the position of the DP in the STS. The linear E ~ κ dispersion provides strong evidence for the existence of the Dirac cone in silicene. The surprisingly large Fermi velocity, comparable with that of graphene [73, 74] , suggests the potential applications (which have been proposed or realized in graphene).
In addition to the linear dispersion near the Fermi level, the chirality of quasiparticle is equally important in Dirac systems, such as graphene [7] or 3D topological insulators [122] . In honeycomb lattice-like graphene, chirality is introduced to project the pseudospin in the direction of the momentum. Due to the quasiparticle chirality, the backscattering of quasiparticle for intravalley scattering processes or intervalley scattering processes should be strongly suppressed because of the opposite pseudospin of quasiparticles. As a consequence, the behaviors of the decay of QPI scattering from a straight step edge for Dirac fermion systems are different from conventional 2D electron gas. For ideal 2D electron gas, the decay factor of standing waves is −0.5 [41] , while in graphene, or the surface of a topological insulator, the suppression of backscattering due to the chirality of quasiparticles will result in faster decay. A decay factor of α = −1.5 was reported for monolayer graphene on h-BN [86] , which is mentioned in section 3, and α = −1.5 and α = −1.0 has been reported for 3D topological insulators [87] . Suppression of backscattering can be considered as a fingerprint of quasiparticle chirality in Dirac systems.
The decaying behavior of QPI patterns from the step edges of a (√3 × √3)R30° silicene film was reported by Feng et al [123] . The intensity of the LDOS varies as a function of the distance from the armchair and zigzag step edges for different energies, as illustrated in figures 11(a)-(f) . The curves were fitted with a simple exponential decaying expression δρ(x) ∝ cos(2kx + ϕ)x α , which behaves as a decaying sine wave similar to the Bessel function in equation (1) in section 2, where k is the wave vector of the QPI, ϕ is a scattering potential phase shift, and α is the decay factor. The best fitting parameter of α = −1.5 for the armchair edge (the Γ-K direction in the Brillouin zone), and α = −1.0 for the zigzag edge (the Γ-M direction in the Brillouin zone) were obtained. The faster decay of oscillations in silicene is suggested to result from the strong suppression of backscattering, proving that quasiparticles are chiral. Otherwise, the decay factor of oscillations should be 0.5, as in ordinary 2D electron gas systems [41] .
The observations of different decay rates for the LDOS oscillations from the armchair and zigzag edges of silicene is similar to the case in a 3D topological insulator of Bi 2 Te 3 [87] , in which the decay factors α are −1.5 along the Γ-K direction and −1.0 along the Γ-M direction because of anisotropic scattering in the warped Dirac cone. Similarly, the Dirac cone of silicene is also considered to be hexagonally warped which can lead to a strong and anisotropic decay of QPI patterns. To figure out the CECS of a Dirac cone, the FT-STS technique is performed on QPI patterns scattering from point defects on the monolayer silicene. Feng et al [123] deposited hydrogen atoms on the surface of silicene, which located right above the Si atoms and formed the Si-H bonds. The bond configuration of a Si atom after hydrogenation is thus converted from sp 2 to sp 3 [124] [125] [126] [127] , which will change the local potential and bring about an atomic scattering center. After hydrogenation, the typical STS map shows significant LDOS oscillations with long wavelengths, as indicated in figure 12(a) . A striking aspect of the map is that the standing waves in the vicinity of point defects form a hexagonal, rather than circular, pattern. This distinctive feature can be more clearly resolved in the FT-STS image shown in figure 12(b) , in which a hexagon is found in the center with the edges along the Γ-K direction and vertices along the Γ-M direction.
In graphene, the CECs at K and K' points in the Brillouin zone near the Fermi level is isotropic and circular, but it is trigonally warped at higher energies [34] . The chirality and warping are opposite for K and K′ points. Silicene has a similar honeycomb lattice, which can easily lead us to suppose that silicene also has the trigonal warping. However, the trigonal warping effect cannot explain the hexagonal pattern emerged in both real space and reciprocal space for silicene. Such a phenomenon can be understood by exploring the electronic band structure of silicene with DFT calculations [123] . Due to the formation of the (√3 × √3)R30° superstructure of silicene, the K and K′ points in the Brillouin zone of the (1 × 1) phase are folded onto the Γ point of the (√3 × √3) R30° phase. As a result, the six Dirac cones with opposite orientations of trigonal warping at the K and K′ points of the (1 × 1) phase are folded onto the Γ point of the (√3 × √3) R30° phase and induce only one Dirac cone with the hexagonal warping. Figure 12 (c) shows several CECs of a Dirac cone at the Γ point with an energy higher than 0.5 eV above the DP. We can clearly see that the CECs start to warp hexagonally above 0.75 eV. Therefore, scattering processes occurring between two opposite edges of hexagonal CECs should dominate the quantum interference, and the scattering wave vector → q 2 changes along the edges of the CEC, resulting in a hexagon with edges in the Γ-K direction and vertices in the Γ-M direction (for the Brillouin zone of a (1 × 1) structure) in reciprocal space ( figure 12(d) ). The QPI patterns near the armchair edges of silicene originate from intravalley scattering between opposite edges of hexagonal CECs (along the Γ-K direction), which should have opposite pseudospin directions. So the backscattering is strongly suppressed and gives rise to a decay rate −1.5. On the other hand, the QPI patterns near the zigzag edges should originate from intravalley scattering between opposite vertices of hexagonal CECs (along the Γ-M direction). The corresponding decay rate is −1.0 and it is supposed to come from the finite overlaps of pseudospins.
The QPI patterns which emerged on monolayer or bilayer of graphene are different to the case of graphene, in which the long-wavelength QPI pattern can only be observed on bilayer graphene on SiC [73, 74] , or near the step edge on monolayer graphene on h-BN [86] . The reason is that the silicene with QPI pattern is not a pristine (1 × 1) phase, but a (√3 × √3) R30° superstructure, in which the pseudospin texture should be slightly different to that in the (1 × 1) phase. The deviation of the chirality of quasiparticles from the pristine silicene (1 × 1) phase leads to the observation of QPI on the (√3 × √3) R30° superstructure. In any case, the emergence of the interference patterns arising from both intervalley and intravalley scattering proves that quasiparticles in silicene behave as Dirac fermions. By comparison, although other monolayer silicene phases are also expected to be metallic, QPI patterns have never been observed on their surfaces. Moreover, these results unambiguously reveal that the Dirac cone in silicene is hexagonally warped, and possesses chirality.
QPI measurements on multilayer silicene
'Multilayer silicene' films were synthesized on a Ag(1 1 1) surface with a thickness larger than 30 monolayers by Chen et al [108] As we mentioned before, monolayer silicene on a Ag(1 1 1) surface displays a variety of different reconstructions. In contrast, 'multilayer silicene' films only display (√3 × √3) R30° honeycomb reconstructions on the surface which all have different layer thicknesses [108, 128] . By utilizing STM, the ABC stacking sequence of Si layers was revealed. In addition, the layer distance was measured to be 0.31 nm, which is identical to the step height of bulk Si (1 1 1) . For the two reasons mentioned above, they concluded that the so-called multilayer silicene most resembles a bulk-like Si(1 1 1) film, but with a (√3 × √3)R30° honeycomb superstructure on its surface.
The dI/dV maps show obviously long-wavelength oscillation of LDOS corresponding to QPI patterns. Such standing waves can be found on multilayer silicene with all different thicknesses, even above 30 ML ( figure 13(a) ), indicating that the multilayer silicene possesses a metallic and delocalized surface state, and is supposed to arise from the (√3 × √3)R30° honeycomb reconstruction on the surface. The energy-momentum dispersion relation E(κ) curves are derived from interference patterns near armchair and zigzag step edges, which correspond to dispersions along the Γ-K and Γ-M directions in reciprocal space( figure 13(b) ), separately. Figure 13 (c) displays the dispersions in the Γ-K direction for films with a thickness of 4, 8, 12 and 30 ML. All these curves show the linear dependence of energy on momentum with the same slopes, but are right-shifted with increasing thickness. The linear energy-momentum dispersion provide strong evidence of the possible existence of Dirac cones on the (√3 × √3) R30° superstructure, and the QPI patterns might originate from the intravalley scattering of quasiparticles within the same Dirac cone. The Fermi velocity V = (0.90 ± 0.05) × 10 6 m s −1 (the Γ-K direction) and (0.83 ± 0.05) × 10 6 m s −1 (the Γ-M direction) are calculated from the slopes of the curves, respectively. The energy of the DP, estimated by the interception of the dispersion with the energy axis, is from −0.4 eV to −0.7 eV, corre sponding to films with various layer thickness. Fu et al [129] performed DFT calculations on multilayer silicene, which is confirmed to be bulk Si(1 1 1) thin film. But the (√3 × √3)R30° superstructure can spontaneously form on the surface of Si(1 1 1) thin film. The weak √3 × √3 buckling preserves the original hexagonal bond topology. Most Si atoms (5 out of 6) are still in ideal flatlying positions and generate the delocalized π bonds; therefore, the electrons of the low-buckled √3 × √3 structure survive to be massless Dirac Fermions.
Transitional-metal dichalcogenides
The electron bands of monolayer TMDs have well-separated valleys, leading to an extra internal degree of freedom for quasi particles [39, 130, 131] . Besides the K valleys, there are six Q valleys approximately located at middle positions between the Γ and K points of the conduction band [39, 132, 133] , as shown in figure 14(a) . The strong spin-orbit interactions in the TMDs with heavy transition metals lead to a spin index locked to the valley index for quasiparticles.
To understand the band structure and internal quantum degrees of freedom, two groups investigated QPI patterns on monolayer and bilayer WSe 2 by FT-STS [134, 135] . Liu et al [134] studied the QPI on monolayer WSe 2 grown on HOPG. They did not observe the QPI pattern associated with the intervalley scattering process between the K and K' valleys in the valence band. From the electronic structures of monolayer WSe 2 calculated by DFT (shown in figure 14(a) ), it is found that due to the time-reversal symmetry, there is a large spin splitting with opposite spin direction at K and K′ of the valance band edge. As a consequence, the intervalley scattering between K and K′ valleys should be quantum mechanically prohibited in case the scattering center is nonmagnetic (the magnetic impurities can induce the spin of quasiparticle flip after scattering). But in the conductance band, the spin splitting (~0.2 eV) of the Q valley is much larger than that (~0.03 eV) of the K valley, and the Q valley also has a larger DOS than the K valley. The sixfold degenerate Q valleys divide into two groups: Q 1 , Q 2 and Q 3 have the same spin, while ′ Q 1 , ′ Q 2 and ′ Q 3 have opposite spin, as shown in figure 14(b) . As a result, the Q valleys will dominate in the QPI. shows spots with high intensity in addition to the reciprocal lattice. Considering time-reversal symmetry, the possible spin-conserving intervalley scattering processes are indicated in figure 14(c) . Compared with experimental data, the dominant scattering with the wave vector close to the M point of the Brillouin zone is inter-Q-valley scattering (q 4 ) which is a spin-conserving process. Another two wave vectors (q 2 and q 5 ) associated with the inter-Q-K scattering processes are also possible, and are observed as weak spots in figure 14(e). Their experiment gives strong evidence of the large spin splitting of Q valleys in monolayer WSe 2 , and confirms the spin-conserving scattering processes should be much more efficient than the spin-flipping ones in TMDs. Additionally, the ring feature at the center of the FT-STS image may reflect the quasiparticle intravalley scattering process, but cannot be resolved from the bright spot affected by the random noise of the dI/dV map.
AB-stacked bilayer TMDs have inversion symmetry. So the spin and valley polarizations of the top layer are opposite to those of the bottom, which can effectively conserve spin and valley degeneracy of the layer [38] . Therefore, an additional degree of freedom characterized by a layer of pseudo spin is exhibited. Yankowitz et al [135] investigated the QPI patterns on the bilayer WSe 2 on a graphite flake on the SiO 2 substrate by FT-STS. They found the defects on the bilayer WSe 2 appear with two clearly distinct contrasts in the dI/dV maps ( figure 14(f) ), where the weaker defects are supposed to locate in the lower layer. The FT-STS image of figure 14(g) calculated from the dI/dV map of the conduction band and the valence band indicate similar features associated to intervalley scattering observed in the case of monolayer WSe 2 , i.e. the occurrence of spin-conserving inter-Q-valley scattering in the conduction band and the absence of inter-K-valley scattering in the valence band, implying an effective spin polarization in electronic bands of the bilayer WSe 2 . The spin polarization arises from strong layer polarization of the bilayer WSe 2 . The identical features observed in FT-STS images of monolayer and bilayer WSe 2 provides direct evidence of strong spin-layer-valley entanglement in both the conduction and valence bands. Additionally, the disk-like feature at the center of the FT-STS image is clearly observed and can be attributed to the intravalley scattering process, while the disk is filled in by all the other smaller scattering processes within a single valley. Therefore, the radius of the disk gives the measurement of the CECs of the valley at a given energy. As a result, the energy-momentum dispersion is extracted and accords with the electronic band by DFT calculations very well.
Summary
We have shown the recent investigations into the QPI in 2D systems including graphene, silicene and TMDs. The Friedel oscillation in the LDOS induced by QPI can be resolved by STM. The 2D FFT of STM images at low bias voltage or dI/dV maps can provide the distribution of scattering wave vectors in reciprocal space. Through analysis of the features in the FT-STS image and consideration of the possible scattering processes, this will help to reveal the electronic structure of 2D systems, such as the Fermi surface contour, chirality (spin or pseudospin), as well as energy-momentum dispersion. Furthermore, FT-STS investigations reveal that the pseudospin texture of a Dirac cone in monolayer and bilayer graphene, and monolayer and multilayer silicene, as well as the spin texture in the Q and K valley in conduction bands of monolayer and bilayer WSe 2 play the key role both in intervalley and intravalley scattering processes. The QPI investigations into other 2D materials, such as germanene [21] [22] [23] , stanene [24] , and 2D boron [136] [137] [138] , have not been reported until now. The reason may be that the strong interfacial interaction between the 2D materials and substrates strongly modified the electronic structures of 2D materials.
Though the ARPES technique can also measure the band structures of 2D systems including spin or pseudospin texture, FT-STS investigations into QPI provide the capability to measure the local band modification produced by different specific impurities. This allows us to understand the basic mechanism of quasiparticle scattering at the atomic scale, which should be very important to the application of 2D materials in nanodevices.
